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Abstract

High-resolution finite element models derived from micro-computed tomography images are often 

used to study the effects of trabecular microarchitecture and loading mode on tissue stress, but the 

degree to which existing finite element methods correctly predict the location of tissue failure is 

not well characterized. In the current study, we determined the relationship between the location 

of highly strained tissue, as determined from high-resolution finite element models, and the 

location of tissue microdamage, as determined from three-dimensional fluoroscopy imaging, 

which was performed after the microdamage was generated in-vitro by mechanical testing. 

Fourteen specimens of human vertebral cancellous bone were assessed (8 male donors, 2 female 

donors, 47–78 years of age). Regions of stained microdamage, were 50–75% more likely to form 

in highly strained tissue (principal strains exceeding 0.4%) than elsewhere, and generally the 

locations of the regions of microdamage were significantly correlated (p < 0.05) with the locations 

of highly strained tissue. This spatial correlation was stronger for the largest regions of 

microdamage (≥ 1,000,000 μm3 in volume); 87% of large regions of microdamage were located 

near highly strained tissue. Together, these findings demonstrate that there is a strong correlation 

between regions of microdamage and regions of high strain in human cancellous bone, particularly 

for the biomechanically more important large instances of microdamage.
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1.0 INTRODUCTION

Impaired bone tissue material toughness has been associated with increased risk of fragility 

fracture in patients with diabetes and patients undergoing bisphosphonate treatment (de 

Waard et al., 2014; Shane et al., 2014). Recent efforts to understand failure mechanisms in 

bone have concentrated on tissue material toughness and resistance to the formation of tissue 

microdamage. Small amounts of microdamage (occupying less than 2% of the tissue) result 

in large reductions in stiffness, strength, and fatigue life of cancellous bone (Hernandez et 

al., 2014; Lambers et al., 2013), highlighting the potential importance of tissue microdamage 

to clinical fractures.

High resolution finite element models, derived from three-dimensional images of trabecular 

bone microstructure, are the primary means of estimating tissue level stress and strain in 

cancellous bone. Modern high-resolution finite element models of cancellous bone are 

capable of predicting apparent yield strength and are often used to estimate the amount of 

tissue damage generated by overloads (Baumann et al., 2015; Bayraktar et al., 2004; Morgan 

et al., 2004; Nawathe et al., 2013; Niebur et al., 2001). However, there have been few 

attempts to relate finite element-derived tissue strains to microdamage measured using 

histology. The few studies that have addressed the topic have not done so directly, either 

demonstrating that the total volume of microdamage generated is correlated with the volume 

of failed tissue predicted by finite element models (Shi et al., 2010; Yeni et al., 2003) or that 

the locations of “severe” microdamage display greater than average local tissue stresses 

(Nagaraja et al., 2005; Nagaraja et al., 2011). None of the studies reported to date have 

asked how well finite element models predict the locations of microdamage generation 

within cancellous bone. Finite element models of cancellous bone suggest that loading mode 

(apparent tension, compression, shear) influences tissue level yielding (Bayraktar and 

Keaveny, 2004; Morgan et al., 2004). Experimental investigations have shown that loading 

mode influences the amount and location of microdamage (Wang et al., 2005; Wu et al., 

2013), specifically tensile loading causes greater amounts of tissue microdamage than 

compressive loading (Lambers et al., 2014). Hence, the relationship between finite element 

derived tissue strains and microdamage generation is likely influenced by apparent loading 

mode.

The long-term goal of the current work is to understand how tissue level toughness in 

cancellous bone influences whole bone fracture. Here, we determine how well finite element 

models are able to predict the locations of microdamage generation in cancellous bone. 

Specifically we determine the spatial relationship between microdamage and tissue level 

strain predicted by finite element models following two different loading modes: apparent 

tension and apparent compression.

2.0 METHODS

Here we perform an additional analysis of specimens described in a previous study 

(Lambers et al., 2014). In section 2.1 we review the experimental methods of our prior study 

and in sections 2.2–2.5 we describe the methods novel to the current study.
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2.1 Study design

Specimens were collected from the L4 vertebral bodies of 10 donors (n=14, 8 male, 2 

female, 47–78 years of age, tissue from NDRI, Philadelphia, PA). The donors had no history 

of metabolic bone disease and displayed no obvious vertebral deformities. Cylinders of 

cancellous bone, 8 mm diameter and nominally 25–30 mm height, oriented in the cranial-

caudal direction were collected. Specimens were stored at −20 °C. Prior to loading, micro-

computed tomography images of each sample were obtained at an isotropic voxel size of 10 

μm (Scanco μCT 20, Scanco Medical AG, Brüttisellen, Switzerland). Additionally, 

specimens were stained with xylenol orange (0.5 mM in PBS, 2 h) prior to loading to label 

preexisting damage.

Specimens were potted into brass fixtures using bone cement (as previously described 

(Bevill et al., 2009)) and subjected to 0.8% strain (apparent yield) in tension (n=6) or 

compression (n=8) at a rate of 0.5%/s. Apparent level yield strain and Young’s Modulus 

were determined from the stress-strain curve. Following loading, the central 5 mm length of 

each specimen was cut from the center of the exposed gage length with a low speed 

diamond saw and the specimens were submitted to calcein staining (0.5 mM in PBS, 2h) to 

identify microdamage generated during loading. Specimens were then embedded 

undecalcified in methyl-methacrylate. Three-dimensional images of bone and fluorescent 

labels of microdamage were acquired at a voxel size of 0.7 × 0.7 × 5 μm3 using serial 

milling (Slyfield et al., 2009; Slyfield et al., 2012). Bone and fluorescent labels were 

segmented using manually determined global thresholds. Images were then smoothed to 

correct for cutting marks left by the serial milling technique. The region of interest examined 

included the central region of the specimen image (5.4 mm diameter, 4 mm height) thereby 

avoiding microdamage caused during specimen preparation. To eliminate the possibility of 

non-specific surface staining (thin layers of stain that occur on bone surfaces that are 

ignored when making manual microdamage counts), microdamage stain within 5.6 μm of 

the surface of the trabeculae was removed from the images. Microdamage generated by 

loading was identified as bone tissue displaying calcein (post-loading stain) in the absence 

of xylenol orange (pre-loading stain).

2.2 Finite element modeling

To reduce computational expense, micro-computed tomography were down-sampled to an 

isotropic voxel size of 20 μm using a region averaging technique (Bevill et al., 2009). A 

voxel size of 20 μm is less than one-fourth the mean trabecular thickness and is sufficient for 

high resolution finite element models of bone (Guldberg et al., 1998; Niebur et al., 1999). 

Bone was identified using a global threshold determined from the Otsu method (Otsu, 1979). 

Each voxel was converted into a linear elastic, eight node brick element. Linear elastic 

models indicated the locations of the greatest stresses/strains, where the majority of 

microdamage sites should initiate. Elements were assigned a Young’s modulus of 10 GPa 

and a Poisson’s ratio of 0.3 (Bevill et al., 2009). The caudal surface of the model was fully 

constrained and a 0.8% apparent strain was applied to the cranial surface to simulate the 

physical loading conditions (either tensile or compression). Finite element models were 

implemented using Olympus (Adams et al., 2004) on a Sun Constellation Linux Cluster 

(Ranger; TACC, TX, USA). Tissue principal strains were measured at the centroid of every 
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element (Niebur et al., 2001). The most positive principal strains are referred to as tissue 

tensile principal strains and the most negative principal strains are referred to as tissue 

compressive principal strains.

2.3 Probability of microdamage at finite element modeled strain

To determine how well local tissue strains predict the locations of microdamage, the 

probability of observing microdamage was determined as a function of principal strain 

magnitude. Images of microdamage were down-sampled from to match the image resolution 

used in the finite element models (20 μm). To prevent noise from altering measures of 

microdamage, regions of microdamage within 28 μm of each other were considered to be 

part of the same microdamage site and microdamage sites smaller than 64,000 μm3 (eight 

voxels) were characterized as noise and removed from the images (as we have done 

previously (Lambers et al., 2014)). Images of microdamage were then registered to the finite 

element models accounting for rotation, translation, scaling and shearing (Amira version 5.4 

Visage Imaging, San Diego, CA, USA). Tissue principal strains were binned (0.04% bin 

size) and the probability of observing microdamage at was estimated as follows:

Eq. 1

where DVat strain is the damage volume and BVat strain is the bone volume at the given strain 

magnitude.

2.4 Spatial correlation of microdamage and highly strained tissue

The spatial correlation between microdamage and highly strained tissue was assessed in two 

ways: 1) a spatial correlation based on volume (volume-based method) and 2) a spatial 

correlation of discrete objects (object number-based method) (Figure 1) (Goff et al., 2014). 

The volume-based method determined the degree to which microdamage volume was more 

likely to be near highly strained tissue than other regions of the bone. The volume-based 

spatial correlation was expressed as the ratio of the amount of microdamage volume near 

highly strained tissue to that of an equal amount of bone volume (selected at random) that 

was near highly strained tissue. A ratio of 1.0 indicated no spatial correlation, a ratio greater 

than 1.0 indicated a positive spatial correlation (microdamage was more likely to be near 

highly strained tissue than other bone volume), and a value less than 1.0 indicated negative 

spatial correlation (microdamage was less likely to be near highly strained tissue than other 

bone volume). The volume-based spatial correlation was then repeated to ask the converse 

question: if highly strained tissue was more likely to be near microdamage than other 

regions of the bone. The object number-based spatial correlation was expressed as the 

percentage of microdamage sites near highly strained tissue as well as the converse question 

(the percentage of highly strained tissue sites near microdamage). For both spatial 

correlation methods, proximity was determined at distances ranging from 0 μm to 60 μm (~ 

half of the average trabecular thickness).

The spatial relationship between microdamage and large tissue level strains will vary based 

on the magnitude of tissue strains characterized as “large.” A parametric analysis was 

performed to determine the tissue strain magnitude that best predicted the locations of 
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microdamage. Highly strained tissue was defined as tissue experiencing principal strains that 

exceeded a value ranging from 0.1% to 1%. As with the images of microdamage, regions of 

highly strained tissue smaller than 64,000 μm3 (eight voxels) were characterized as noise 

and not included in the spatial correlation analysis.

2.5 Statistical analyses

The magnitudes of principal strain in regions of microdamage and the rest of the bone were 

compared using a two-tailed paired t-test. Regression analysis was used to determine the 

relationship between strain predicted by finite element modeling and the probability of 

microdamage. The spatial correlations determined using the volume-based method were 

tested for a difference from 1.0 using a two-tailed paired t-test, (a value of 1.0 indicated no 

spatial correlation). All data is presented as mean ± SD. Statistical tests were conducted 

using JMP Pro (v.11, 2013, SAS Institute Inc., Cary, NC, USA).

3.0 RESULTS

The relationship between microdamage and local tissue strain differed between specimens 

loaded in tension and those loaded in compression. In specimens submitted to loading under 

apparent tension, the local principal strains were greater at microdamage than away from 

microdamage (tension: 0.32 ± 0.09% v. 0.20 ± 0.05%, compression: 0.14 ± 0.03% v. 0.11 ± 

0.02%, Figure 2A). Additionally, the probability of observing microdamage at a location in 

the microstructure was positively correlated with local tensile principal strain but was not 

predictive (p<0.0001, R2=0.30, Figure 3A). Local compressive principal strain showed no 

correlation with microdamage. Overall, the probability of observing microdamage was 50–

75% greater at tissue tensile strains above 0.4% as compared to the average incidence of 

microdamage (Figure 3A).

In specimens submitted to apparent compression, the tissue principal strains were greater at 

microdamage than away from microdamage (tension: 0.14 ± 0.02% v. 0.12 ± 0.01%, 

compression: 0.31 ± 0.06% v. 0.22 ± 0.03%, Figure 2B). The probability of observing 

microdamage at a location in the microstructure was positively correlated with local 

compressive principal strains but was not predictive (p<0.0001, R2=0.08, Figure 3B). No 

correlation between the probability of microdamage and tissue tensile principal strain was 

observed. Overall, the probability of microdamage was 50–75% greater at tissue tensile 

strains above 0.4% as compared to the average incidence of microdamage (Figure 3B).

Microdamage was located near highly strained tissue. The volume-based spatial correlation 

indicated a significant positive correlation between highly strained tissue and microdamage 

volume (Figure 4 and Supplementary Materials Figure S1,S2). Over half of microdamage 

sites were located at tissue experiencing a principal strain of 0.4% or higher; however, less 

than half of the highly strained tissue sites were located at microdamage (Figure 5 and 

Supplementary Materials Figure S3).

The magnitude of strain used to classify highly strained tissue had limited influence on the 

volume-based spatial correlations. The volume-based spatial correlations were greatest when 

the magnitude of strain used to define highly strained tissue was 0.4% or greater (Figure 4B 
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and Supplementary Materials Figure S2). The object number-based spatial correlation, 

however, was quite sensitive to the strain magnitude used to classify highly strained tissue 

(Figure 5C,D and Supplementary Materials Figure S3).

As large microdamage sites (sites over 1,000,000 μm3 in volume) have been shown to be the 

most influential biomechanically (Goff et al., 2015), we also examined the spatial 

correlation assays looking only at large microdamage and highly strained tissue sites. Most 

of the microdamage volume (86% ± 8%) was located in a small number of large 

microdamage sites (microdamage sites exceeding 1,000,000 μm3 in volume). Similarly, 

most of the highly strained tissue volume (89% ± 5%) was located in a few large sites. 

When only large microdamage and highly strained tissue sites were considered, strong 

volume based and object number-based spatial correlations were observed between 

microdamage sites and highly strained tissue sites (Figure 6A,B and Supplementary 

Materials Figure S4,S5).

4.0 DISCUSSION

Here we present the first three dimensional examination of the spatial correlation between 

microdamage and local tissue strains in human cancellous bone. We found that 

microdamage was most likely to occur at the greatest tissue level principal strains. The 

largest microdamage sites were spatially correlated with the largest regions of high tissue 

strain determined with finite element models. Therefore our findings demonstrate surprising 

effectiveness of linear elastic finite element models to predict the locations of the largest 

(and most biomechanically relevant (Goff et al., 2015)) microdamage sites.

While the linear elastic finite element models were useful for predicting the locations of the 

largest microdamage sites, the models were not able to predict the location of all of the 

microdamage sites. Since the strains predicted by linear elastic finite element models will 

deviate from the actual tissue strain once the tissue begins to yield, we did not expect the 

tissue strains to dictate the location of all of the microdamage but we did expect most of the 

sites experiencing the greatest tissue strains to coincide with microdamage. Regions with the 

greatest tissue strain magnitudes were more likely to develop microdamage, but even at the 

locations of greatest tissue strain, the probability of observing microdamage was relatively 

low (~20%, Figure 3). Furthermore, if we consider only the locations with the greatest tissue 

strains (right hand side of Figure 5B) we see that locations of the greatest tissue strains were 

rarely near microdamage.

There are a number of strengths to the current study that support our conclusions. First, the 

spatial correlation between highly strained tissue and microdamage was determined using 

three different assays (probability of microdamage at strain magnitudes, volume-based 

spatial correlation and object number-based spatial correlation). Second, both the analysis of 

microdamage and tissue level strain was performed in three dimensions. Three dimensional 

analysis reduces the variability in the microdamage measurement by using the entire 

specimen (Ehlert et al., 2011) and is able to take into consideration out-of-plane spatial 

relationships between microdamage and tissue level strain.
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There are some limitations that must be considered in interpreting our results. First, as 

mentioned in our interpretation above, the current analysis used linear elastic finite element 

models, which do not account for the effects of tissue yielding on the stress/strain 

distribution within cancellous bone. However, the current study examined loading to 

apparent yield and at such small magnitudes of apparent strain there are only negligible 

differences between linear and non-linear models in terms of the amounts of tissue 

exceeding yield (Niebur et al., 2001). Second, microdamage was stained using a bulk 

fluorochrome stain, which stains most but not all regions of permanent deformation in bone 

tissue (Sun et al., 2010). Hence, the relationship seen between local tissue stress/strain and 

microdamage should be considered a conservative estimate.

Our findings provide insight into the best approaches for improving models of microdamage 

formation in cancellous bone. The most common advancement in high resolution finite 

element modeling is the use of a nonlinear constitutive model, which has been shown to 

enable prediction of apparent yield properties (Bayraktar and Keaveny, 2004; Morgan et al., 

2004) and describe changes in stress/strain distribution after tissue level yield occurs. 

However, initial tissue yielding in nonlinear models will coincide with regions of the 

greatest tissue strains observed in linear elastic models. Our observation that few of the 

microdamage sites were near the locations of greatest tissue strain in the linear elastic finite 

element models suggests that constitutive models with tissue nonlinearities alone would 

provide relatively little improvement toward predicting the locations of tissue microdamage. 

A more likely explanation for microdamage not being located at the predicted locations of 

greatest tissue strain is heterogeneity in tissue material properties. When a heterogeneous 

tissue modulus is included in linear finite element models, the distribution of stress/strain is 

altered (Mulder et al., 2007; Renders et al., 2011). Therefore, incorporating tissue 

heterogeneity is more likely to improve the prediction of the locations of microdamage than 

including tissue nonlinearities.

Our findings are consistent with prior reports showing that regions of microdamage 

experience greater tissue strains (Nagaraja et al., 2005; Nagaraja et al., 2011). The 

magnitude of tissue compressive principal strain at microdamage and away from 

microdamage in the current study (0.32%, 0.20%) was similar to the results reported by 

Narajaga and colleagues (2011) (0.33%, 0.19%). Additionally, in the current work, 

microdamage was spatially correlated with tissue experiencing a tissue principal strain 

greater than 0.4%, a tissue strain similar to the tensile yield strain criterion used in prior 

work (0.33% –0.61%) (Bayraktar et al., 2004; Morgan et al., 2004; Nawathe et al., 2013). 

However, in prior work the compressive yield strain criterion was larger than the tensile 

yield strain criterion while in the current work the same strain magnitude was associated 

with microdamage in tension and compression. A likely explanation for the difference 

between our findings and others is that prior studies were estimating the tissue level 

yielding, which is not the same as microdamage generation.

In conclusion, we have demonstrated that linear elastic finite element models can be used to 

predict the locations where large microdamage sites will form in cancellous bone following 

either tensile or compressive loading. Furthermore, incorporating heterogeneity in tissue 

level material properties or a stochastic model of damage generation are more likely to 
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improve the predictive capabilities of finite element models than including nonlinearities in 

the model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A specimen of cancellous bone is shown. (A) Highly strained tissue is indicated in green. 

(B) Microdamage is indicated in red. (C) Image registration was used to determine the 

spatial associations between microdamage and highly strained tissue.
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Figure 2. 
Tissue tensile and compressive principal strains were greater at locations of microdamage as 

compared to other regions of the microstructure. (p<0.05)
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Figure 3. 
(A) In specimens loaded in tension, the probability of microdamage was positively 

correlated with tissue tensile principal strains. (B) In specimens loading in compression, the 

probability of microdamage was positively correlated with tissue compressive principal 

strains. The average probability of microdamage occurring in the specimens is shown in red.
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Figure 4. 
The volume-based spatial correlations are shown. A value greater than 1.0 indicates a 

positive spatial correlation. (A) The spatial correlation between microdamage and highly 

strained tissue (defined as strain greater than 0.4%) with respect to distance between the 

volumes is shown. (B) The spatial correlation between microdamage and highly strained 

tissue was greatest when the magnitude of strain used to define highly strained tissue 

exceeded 0.4%. Similar trends were seen for specimens loaded in compression (see 

Supplementary Material Figure S1,S2).
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Figure 5. 
The object number-based spatial correlations are shown. The percentage of (A) 

microdamage sites near highly strained tissue and (B) highly strained tissue sites near 

microdamage increased as the distance between the objects increased. (C) The percentage of 

microdamage sites near highly strained tissue was inversely proportional to the strain 

magnitude used to define highly strained tissue. (D) Sites of highly strained tissue were not 

commonly located near microdamage. Similar trends were seen for specimens loaded in 

compression (see Supplementary Material Figure S3).
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Figure 6. 
The object number-based spatial correlation is shown for all microdamage sites as well as 

only the largest microdamage sites (>1,000,000 μm3, shown only for coincident locations, 

distance = 0 μm). When only the largest sites were considered, both the percentage of 

microdamage sites near highly strained tissue (A) and the percentage of highly strained 

tissue sites near microdamage (B) increased.
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